A novel class of moire fringe patterns in scanning tunnelling microscope (STM) imaging is presented and analysed in this paper. The moire fringe is generated from the interference of the atomic lattice of the specimen and STM scanning lines. Both parallel and rotational STM moire fringes of the surface of highly oriented pyrolytic graphite (HOPG) are investigated. The formation principle and experimental techniques of STM moire fringes are discussed. Nanometre scale resolution and sensitivity are found in the moire fringe patterns. They precisely magnify the STM image of lattice irregularities. A potential application-measuring surface deformation and defects in the nanometre range-is proposed.
Introduction
The moire technique based on optical moire patterns has been developed successfully to measure in-plane deformation of materials by mechanical scientists [1] [2] [3] . Measurement precision is determined by the pitch of the specimen grating, which is fabricated directly on the specimen surface by lithography, engraving or printing methods [4] [5] [6] . Although this conventional moire method has proven to be an effective and accurate way of analysing deformation in the macroarea range, it cannot be used in measuring deformation at nanometre scale because of the low frequency of artificial specimen gratings. Since the 1950s, moire patterns formed by the interference of two overlapping crystal lattices have been observed in the electron microscopic images of superposed crystals, and have provided an important means to identify the dislocations in surface lattices [7] [8] [9] [10] .
With the development of nanotechnology, scanning tunnelling microscopy (STM) has been widely used for 3 Author to whom any correspondence should be addressed. surface measurement and processing for its extremely high spatial resolution to atomic dimensions [11, 12] . In the early 1990s, moire patterns were reported in STM images of pyrolytic graphite, which resulted from an overlap between a misoriented or distorted top layer of graphite and the underlying graphite single crystal [13] [14] [15] . In this paper, we present a novel kind of STM moire pattern that can reveal the crystalline lattice structure accurately. Using the natural periodic structure of a crystal lattice as the atomicscale specimen grating and the scanning lines of the STM as the reference grating, a moire pattern can be formed in the STM images by the interference of these two gratings. To accomplish this, their frequencies are matched according to a few easily applied rules, which we define below. A variety of moire patterns can be obtained in STM images by changing the scan size and scan angle. The formation principle and method of moire fringes are discussed in detail. The feasibility and reality of forming moire patterns in STM images is verified, and the potential application of this STM moire method for measurement of deformation and defects at the nanometre scale is demonstrated. 
Experiment
Freshly cleaved, highly oriented pyrolytic graphite (HOPG) is used to generate STM moire fringes. The STM images are obtained in constant current mode in air at ambient temperature with the Nanoscope IIIa STM (Digital Instruments). STM tips used are platinum/iridium (80% Pt/20% Ir) wires, mechanically cut. Typical tunnelling current and bias voltage are 1 nA and 50 mV, respectively. The number of scanning lines in the whole image is selected to be 256 in most cases. The scanning direction in each scanning line is from the left to the right, and all images are obtained from top to bottom. Before STM measurement, calibration works on the scanning system were conducted to minimize the distortion of the image. The thermal drift rate is below 0.05 nm s −1 and minimized by waiting at least 30 min for thermal equilibrium before imaging.
We first select a large atomically smooth area and obtain an atomically resolved STM image shown in figure 1(a) . HOPG has a hexagonal honeycomb surface with the atomic spacing 0.142 nm and only half the atoms can be imaged during STM measurement, so the surface lattice in the STM image shows a threefold symmetry with the lattice parameter 0.245 nm [12, 16] . In order to obtain parallel moire fringes, the scan angle is adjusted to make sure that the scan lines are parallel to the lattice lines in one direction, for example, the X direction (see figure 1) . From the STM atomically resolved image, we measure the spacing of the atomic lines perpendicular to the X direction as about 0.20 nm. Parallel moire patterns are formed at a scanning range L from 40 to 70 nm with an increment of 2 nm when the number of scanning lines N is set to 256. Finally, a null field moire fringe is obtained with a scanning range of 51.4 nm. When the scanning range is 56 nm, we change the scan angle from −20
• to 20
• , and rotational moire fringes appear.
Results and discussion

Formation principle of STM parallel moire fringes
As shown in figure 1 , the STM moire pattern is generated from the interference of the crystal lattice and the scan lines of the STM. The parallel moire fringes appear when these two gratings are superimposed, parallel. The pitch of the resulting parallel moire fringes P m can be defined by that of the specimen grating (P s ) and the reference grating (P r ):
From this equation, it can be learned that when P r = P s , P m will incline to infinity (∞), and a null field moire fringe will be obtained. In addition, the pitch of the reference grating P r can be given by
where N is the number of scanning lines (e.g. N = 256, 512), and L is the scan size. With a defined P s and a specific N, from equations (1) and (2), if the scan size meets the condition
moire fringes with the order of n will appear. However, in order to obtain clear and measurable moire patterns in the STM image, it is a practical necessity that the number of moire fringes be less than one-half of the number of scan lines (n < 0.5N). Thus the scan size is intrinsically restricted to a range 0.5N P s < L < 1.5N P s , and the pitch of the reference grating should meet the requirement of 0.5P s < P r < 1.5P s . In fact, if P r is several times larger than P s the spatial configurations of the specimen surface will be observed in the STM image, while in the opposite situation the atomically resolved STM image can be obtained. Figure 2 shows the parallel moire patterns obtained in STM images at scanning range L of (a) 48 nm, (b) 51.4 nm, (c) 56 nm, (d) 60 nm, (e) 64 nm, and (f) 68 nm. The scan size of 51.4 nm is selected because no moire fringe is formed at this scanning range, indicating that the pitch of scanning lines P r at this range is the same as that of the specimen grating P s . Increasing (or decreasing) the scan size from 51.4 nm makes P r larger (or smaller) than P s , so the number of moire fringes increases tremendously. As defined in equation (1), the spacing of the moire fringes P m is significantly sensitive to the difference between that of specimen gratings and reference gratings (|P s − P r |). Although the spacing of the reference grating P r changes little, the spacing of the moire fringes P m can vary greatly. Figure 3 shows a perfect linear relationship between the number of moire fringes (n) and the scan size (L), which is consistent with equation (2). If we continue to increase or decrease the scan size from 51.4 nm, the number of fringes will become so large that the fringes become unclear and are no longer countable or observable in any meaningful way. According to the requirement of 0.5N P s < L < 1.5N P s , for N = 256, scan size should be restricted to a range from approximately 30 to 78 nm according to equation (2) .
Experimental results
When n fringes appear in the scanning field, the pitch of the specimen grating in the y direction can be calculated by the following equation: crystal lattice lines of the HOPG as measured directly from the atomically resolved images. The results not only indicate that the STM moire patterns can reflect the crystalline lattice features of a specimen accurately, but also verify the feasibility and reality of forming STM moire patterns by the interference of the specimen's inherent grating and the scanning grating.
During the experiments, when we change the number of scanning lines N to 512, STM moire fringe patterns can be obtained in a scanning range from about 70 to 140 nm, and they support the relationship between L and n given by equation (2) as well. Figure 4 shows the rotational moire fringes at a scan size of 56 nm. It can be seen that both the width and angle of the fringes change significantly with a slight change of scan angle, and the moire fringes rotate in reverse direction at the opposite scan angle. The fringes will become very fine and obscure so that they can no longer be easily observed if the scan angle is over 20
• . It is interesting that rotational moire fringes in the reverse direction will appear again if the scan angle is over 40
• , and another parallel fringe pattern can be formed when the scan angle is 60
• . Figure 5 illustrates the formation principle of the rotational moire fringes. A bright band appears along each line of points where scan lines and atomic lines intersect, and a dark band appears between each pair of neighbouring bright bands. The spacing and angle of the rotational moire fringes can also be calculated from the parameters of the two gratings and their relative location. As we know, the HOPG crystalline lattice consists of three groups of atomic lines in different directions. However, it has been shown that clear and effective moire fringes can be formed only by the interference of scan lines and atomic lines at the minimum angle [17] . Increasing the angle decreases the spacing of fringes, and when the angle bright band dark band increases greatly a limit is found beyond which they can no longer be easily distinguished.
It is quite important to note that the accuracy of the scanning system has an effect on the STM moire patterns during measurement.
Generally, we consider that the inaccuracy of the scanner or a constant thermal drift will modify the number and orientation of moire fringes, while creep or nonlinearity of the scanner can cause moire fringes to be curved. In any case, the formation principle of the moire fringes will not be changed. We notice that the moire fringes become somewhat curved and deformed in the initial part of the images in figures 2 and 4. This is due to the instability of tip-sample interaction or nonlinearity of the scanner at the early stage of imaging. However, the moire fringes in most scanning areas of the images retain the intrinsic interaction between the two gratings. In addition, the formation of STM moire fringes is determined only by the interference of the crystal lattice and the scan lines. In other words, if there is a relatively large atomically smooth area of crystal lattice, moire fringes can intrinsically be generated at a certain scan size according to equation (2) and the correct scan angle. It has nothing to do with the scan parameters of STM itself, such as bias voltage, tunnelling current and scan rate, etc. Although STM moire fringes have patterns similar to STM noise images, their formation is governed by very different principles and influenced by different factors, and these distinct features can help us to distinguish them from the noise images.
Potential application in the measurement of nanoscale deformation and defects
Formed by the interference between the crystal lattice and the STM scanning lines, an STM moire pattern reveals the differences between the crystal lattice structure and the scanning grating. If we keep the scanning lines constant, these differences carry information about the crystalline lattice deformation. This can serve as the basic idea for using the STM moire fringes to measure nanometre-scale surface deformation. Suppose a slight disturbance P s exists in the crystal lattice, the variation of the fringes' spacing P f could be deduced from equation (1) as the following: For the HOPG specimen and at 56 nm scan size, P f is about 1400 times larger than P s , which shows that moire pattern is much more sensitive to the deformation of crystal lattice than is an STM atomically resolved image. Or we could simply say that, in an unfamiliar but very precise and useful way, the moire pattern optically magnifies the STM image of the lattice irregularities. The following images show some moire patterns reflecting certain deformations or defects in the surface crystal lattice of the HOPG. Figure 6 illustrates one kind of whole-field fringe pattern with scanning range (a) 66 nm and (b) 62 nm. The fringes of areas A and B are different, and the local STM atomically resolved images verify that the pitches of the atomic lattice in these two areas are 0.203 and 0.217 nm, respectively. The differences between areas B and C reveal a step in their common boundary. Figure 7 (a) shows some severely twisted moire fringes in area D, implying that there is a high strain field, and the moire pattern in the same region imaged five minutes later is given in figure 7 (b) but with a little drift. It ensures that all of the above images are stable and reproducible for a long period under different scanning conditions, and so the possibility of any pseudomorph effects, either inherent in the instrument itself or induced by unstable operation, can be excluded.
With the development of nanoscience and technology, various highly ordered nanostructures prepared by selfassembling, SPM lithography or other methods have received considerable attention in recent years, such as ordered arrays of nanodots and nanowires [18, 19] , and ordered films of organic molecules or supermolecules [20] , etc.
Therefore, characterization and measurement of these ordered nanostructures has become a very important and attractive area of study for scientific researchers, and it is believed that this new STM moire method would be effective and suitable for such applications. Using this STM moire method, one can observe the STM image and the moire fringe at the same time and can determine the highly localized deformation and defects in a large measuring field without an image-processing system, so it provides a new and effective way to investigate ordered nanostructures and is expected to be widely applied in the future.
Conclusions
We studied a novel class of moire patterns in scanning tunnelling microscopy images that are formed by the interference of the atomic lattice of the specimen and the scanning lines of STM. The principle of the moire fringe formation was explained, and the parallel and rotational STM moire patterns of an HOPG specimen were investigated in detail. The results demonstrate that the STM moire fringe has high accuracy for measuring crystal lattice features and deformation at the nanometre scale.
